Three acoustic techniques, namely longitudinal wave reflection, vertically-polarized shear wave (SV) reflection, and horizontally polarized shear wave (SH) transmission methods, were used to assess the cyclic-tension fatigue of an extruded pure magnesium. The acoustic velocities were measured by the reflection methods, and found to decrease considerably at the beginning of the fatigue. This suggests that void defects formed at grain boundaries (Coble creep). Decrease in the elastic moduli and increase in the internal frictions revealed decrease in the mechanical and increase in the viscoelastic properties during the fatigue progress, respectively. For SH transmission method, acoustic parameters such as propagation time, amplitude and logarithmic damping ratio were strongly affected by detouring of acoustic waves, accompanied by variation in the residual stress caused by acoustoelasticity, in comparison with the reflection methods. These acoustic results were determined using OM, SEM, Vickers hardness tester, surface roughness tester and XRD.
Introduction
The wide usage of magnesium alloys places one's hopes on actualization of low-carbon society, because they are the most promising light metals for structural applications. 1) However, since magnesium alloys are lacking of deformability due to limited slip system, an existing application of these alloys is mainly limited to cast components.
2) A major problem for wrought magnesium alloys is to have a strong fiber texture, which suffers for uncertainties in the breaking strength. Especially, in a practical use, fatigue problem is critical issue for the widespread use of the alloy. Thus, there have been extensive studies on the magnesium alloys in order to improve the fracture reliability [3] [4] [5] and the grain greater control. [6] [7] [8] On another front, as well as these efforts, a clarification of the fracture behavior through a nondestructive evaluation could serve a useful role, in both aspects of material science and engineering safety.
In the previous studies, 9, 10) cyclic-tension fatigue behaviors for an A2024T3 aluminum alloy were measured using two different types of ultrasonic shear waves, in terms of the viscoelasticity and acoustoelasticity which are associated with lattice defects and residual stress, respectively. These results have demonstrated that the metal fatigue could be effectively evaluated by the convenient ultrasonic methods in field works.
In this paper, we report successful evaluation results by ultrasonic methods for an extruded pure magnesium. In addition to the early method, here, we also use a longitudinal wave reflection method to obtain the elastic moduli. Although nonlinear acoustic effects such as the attenuation coefficient 11, 12) and harmonics [13] [14] [15] have been reported for fatigue evaluation, the variations of elastic moduli, internal friction and residual stress have not been evaluated systematically. These incorporated methods will provide an improved understanding of the fatigue behavior, and is also expected to serve such as processing technology for enhancement of mechanical properties in magnesium alloys.
Experimental Procedures

Material and fatigue test conditions
The material tested in this study was the pure magnesium (supplied by Timminco Ltd., Aurora, CO, USA). The chemical composition is shown in Table 1 , and the mechanical properties of the material are listed in Table 2 . The magnesium was extruded perpendicular to the longitudinal direction (LD), as shown in Fig. 1(a) . Figure 1(b) shows the X-ray intensity distribution of the (0001) pole obtained using a Schultz reflection method in the range of 0 to 90 . The orientation degrees 16) were 0.83 in the normal direction (ND), 0.07 in the LD, and 0.09 in the transverse direction (TD). The surfaces were prepared by polishing with 1000-grit SiC paper, and the specimens were then subjected to cyclic tensile-stress under controlled conditions. The stress ratio, R, was 0, the frequency was 30 Hz, which was controlled by a hydraulic servo fatigue tester (FT-5; Saginomiya, Tokyo, Japan) at room temperature. Figure 1(c) shows the cyclic stress to number of cycles to failure (S-N) curve of the material under the test conditions. We used a stressamplitude, a , of 28.3 MPa in order to achieve a high-cycle failure condition.
Ultrasonic measurements
The tests were interrupted at arbitrary intervals and the specimen was removed from the fatigue machine grip. Ultrasonic measurements were separately performed using longitudinal waves, vertically polarized shear waves (SVs), and horizontally polarized shear waves (SHs). The longitudinal and SVs were used for reflection measurements and the SHs were used for transmission characterization, which diffracts mainly from the surface of the specimen. The apparatus are shown schematically in Fig. 2(a) .
Reflection methods
To evaluate the variation in the elastic moduli and the growth of lattice defects as the fatigue progressed, the longitudinal and shear wave velocities in the middle of the specimen ( Fig. 1(a) ) were measured using longitudinal and vertically polarized shear wave transducers with a center frequency set to 5 MHz. The diameters of the longitudinal and the shear wave probes were 11 and 10 mm, respectively. The transducers made contact with the specimen under a pressure of 0.4 MPa using water-free naphthenic hydrocarbon oil (tungsonic oil H 17) ) at room temperature. The deflected surface of the SVs was aligned in the LD.
Ultrasonic wave pattern analysis was performed using an elastic modulus and internal friction system (UMS-H; Toshiba Tungaloy, Kawasaki, Japan). Figures 2(b) and (c) show representative longitudinal and vertically polarized shear waveform patterns, respectively. The wave velocities, V l for the longitudinal waves and V s for the shear waves, were obtained from
where T 1 and T 2 are the propagation times in Fig. 2(b) and (c), respectively, and l is the thickness of the specimen. The wave velocities give the Young's modulus, E, shear modulus, G, Poisson's ratio, , and bulk modulus, , according to the following relationships: 
where is the density of the specimen. The internal friction values for the longitudinal wave, Q À1 l , and for the SV, Q À1 s , that describe the energy consumption per oscillation are defined by 19 )
where A 1 and A 2 are the amplitudes shown in Fig. 2(b) and (c), respectively, and f is the center frequency.
Transmission method
To evaluate the acoustoelastic effects as the fatigue progressed, the waveform that propagates in the LD ( Fig. 1(a) ) was measured with an SH probe under a controlled temperature of 296 AE 1 K. The SH probe consisted of two opposing transducers with a center frequency of 5 MHz. These were separated by a gap of 10 mm and arranged as a transmitter and a receiver, each with a contact area of 6 Â 6 mm. The incident and receiving angles of the SH waves were fixed at 21
, which gave the maximum receiving amplitude derived from Snell's law. The SH probe contacted the specimen under a pressure of 2.3 MPa using the water-free naphthenic hydrocarbon oil as a couplant.
The ultrasonic wave-pattern analysis was made using a diagnosis and analyzing apparatus (TP-1001; Toshiba Tungaloy). Figure 2 (d) shows a representative SH waveform pattern. The position of the second wavelet, which had the maximum sound pressure level, was selected as the propagation time T 2 , and the amplitude A 2 corresponded to this time. The logarithmic damping, , was calculated from the amplitudes A 1 and A 2 , shown in Fig. 2 
(d).
Phase identification
To identify the ultrasonic measurement results, we evaluated structural variations in the material during the fatigue process. Variation in the surface roughness, R a , which was calculated as the average in the LD and TD was measured with a digital surface roughness tester at the center of the specimen throughout the fatigue test. The fractured surface was observed using scanning electron microscopy (SEM) to establish the breaking mode. The cross-sectional texture at the center of the specimen in the LD was examined using optical microscopy (OM) and SEM, and compared to the as-received specimen. The mean grain size and the ratio of the twinning area, which was calculated by dividing the twinning area with the observed one, were measured in 5 view fields at 300 times magnification. In addition, Vickers hardness HV0.1 was also measured at both the observation sites in the LD. The number of measuring points for averaging was 10 points each.
The tests were repeated using other same-lot specimens. Variations in the residual stress, which determines the acoustoelastic effect, and the orientation degrees, which affect the acoustic velocity due to the anisotropy of the crystal structure, were measured using a computer-automated X-ray diffraction (MAC-MXP3A; Mac Science, Yokohama, Japan) as the fatigue progressed. The residual stress was measured at the center of the specimen in the LD using Cu-K radiation for the Mg (114) plane using an incident slit with a width of 0.84 mm and a height of 5 mm. The orientation degrees were calculated by the Schultz reflection method for the (0001) pole, using an incident slit with a width of 0.84 mm and a height of 3 mm.
Results
Ultrasonic analyses 3.1.1 Reflection methods
The specimen for the fatigue test failed after 2:91 Â 10 6
cycles. The variations in the longitudinal wave velocity and shear wave velocity are shown in Fig. 3 (a) and (b), respectively, as functions of the normalized fatigue ratio, N=N f , where N is the number of cycles and N f is the number of cycles to failure. Both the velocities decreased considerably in the early stages of the fatigue (until N=N f % 0:1), after which point the decrease became more gradual until failure was reached. The longitudinal wave velocity decreased by 0.5% just prior to failure compared to the velocity at the start of the test, and the shear wave velocity decreased by 2.1%. The variations in elastic moduli during the fatigue are shown in Fig. 3(c)-(f) . The decreases in the Young's and shear moduli are probably correlated to the decrease in the velocity of the shear waves. The Poisson's ratio rapidly rose just after the loading, and then increases almost linearly with the fatigue ratio. Unlike the other moduli, the bulk modulus did not show monotonic variation. The bulk modulus jumped up just after the loading, and then decreased rapidly in the early stages of the fatigue until N=N f % 0:15, at which point it increased gradually until failure.
The variations in longitudinal and shear internal frictions are shown in Fig. 3(g) and (h) , respectively. The former shows parabolic increase, while the latter increased very slowly until N=N f % 0:8, and then increased more rapidly until failure.
Transmission method
The propagation time, amplitude, and logarithmic damping ratio for the SHs in the LD are plotted as functions of N=N f in Fig. 4(a) , (b), and (c), respectively. The propagation time and the damping ratio decreased until N=N f % 0:2, and increased until failure. By contrast, the amplitude showed the opposite change. The variation points of the respective parameters are synchronized well.
Material evaluations
The variation in the surface roughness, R a , as a function of N=N f is shown in Fig. 5(a) . The roughness increased rapidly when N=N f < 0:2, and then increased more gradually until failure. Surface roughness affects the ultrasonic measurements because the couplant oil forms pools. The influences of the surface roughness on the reflection and transmission method parameters in pure magnesium, are shown in Fig. 5(b) and (c), respectively. Thus, it is clear there is little variation in the measured parameters over the range of surface roughness that was observed in the pure magnesium specimen (i.e., 0.19-0.25 mm).
The photographs of an appearance and the fracture surface of the specimen after failure are shown in Fig. 6(a), (b) -(e), respectively. The crack initiation site marked ''O'' was located internally (Fig. 6(b) ). The fractured surface showed three characteristic aspects of crack propagation: clear striation at the initiation site (Fig. 6(c) ): striation partitioned by grain boundaries indicating stage II crack growth (Fig. 6(d) ), and rock candy with slight dimples indicating unstable fracture (Fig. 6(e) ). This confirms that the ultrasonic measurements were conducted under a mode of fatigue degradation normally. Figure 7 (a) shows the OM images of cross sections in the LD at the center of an as-received and the fatigue-fractured specimens. We could not detect a significant difference in the grain size, which would influence the scattering of acoustic waves. 20, 21) The grain size stayed approximately 45 mm throughout the test. However, the twinning ratio and the Vickers hardness increased by factors of approximately 1.4 (from 16.3 to 24.2%) (Fig. 8(a) ) and 1.03 (from 34.7 HV0.1 to 35.6 HV0.1) (Fig. 8(b) ), respectively. Furthermore, from the SEM images we can see that, after failure, the specimen had some micro-cracks, which originated from micro voids at the grain boundary (Fig. 7(b) ). Thus, the internal initiation site observed in Fig. 6(b) was considered to originate from such void defects.
The variations in the residuals stress and the orientation degrees during the test are shown in Fig. 9 and Fig. 10 , respectively. The variation of the residual stress showed three stages within permission of error bars: the residual stress increases, then decreases and finally increases until failure for N=N f < 0:2, 0:2 < N=N f < 0:5 and N=N f > 0:5, respectively. On the contrary, the variations of the orientation degrees did not show a distinct trend.
Discussion
Reflection methods
First, we consider the factor which decreases the velocities largely. In a previous study of the aluminum alloy A2024T3, 10) the variation in the SV velocity during the fatigue was shown to be small, less than 3 m/s. On the other hand, the SV method measurement for the magnesium alloy AZ31B 22) revealed the slight increment in velocity during the fatigue process. This increase in the SVs might be due to the residual stress. Both the fatigued specimens did not contain microscopic defects such as the voids observed here, as shown in Fig. 7(b) . These results suggest that the increase in the dislocation density and the twinning ratio would not result in a significant change in the velocity, such as that seen in Fig. 3 . Hence, we can infer that the decrease in the velocities was dominantly associated with the development of some defect which is beyond the ordinary lattice defects in fatigue. The void defect at grain boundary which prevents the wave from propagating as shown in Fig. 7(b) could be a factor. That is, the rapid decrease in the velocities in the early stages of the fatigue indicates the rapid development of the void defects. We investigated the void defect before and after the failure, and considered the influence.
The material used was extruded from semi-continuous casting of which diameter was 17 inches by through the mold of which cross section was 190 Â 30 mm at 350 degree. Since the cast billet is considerably large, even the as-received material contains micro-shrinkages which mainly exist at the grain-boundary triple point (Fig. 7(c) ). Figure 8 (c) represents the change in the void ratio before and after the failure obtained by image binarization in 25 view fields at 100 times magnification. The ratio increases slightly not remarkable (from 0.063 to 0.073%). Thus, it is suggested that the defect developed in this study is considered to prevent the wave propagating strongly, however, it is difficult to assess by area macroscopically. Magnesium has a high grain-boundary diffusion coefficient 23) and it would induce creep at room temperature. 24) Especially, pure magnesium is considered to be subject to creep due to free from precipitate. In light of the void configuration at the grain boundary and deformation mechanism map, 25) the cracks of Fig. 7(b) would occur by grainboundary diffusion (Coble creep). In fact, we cannot detect such the defect in the as-received material and the fracture morphology of Fig. 7(b) does not show a crack growth based on fracture mechanics. That is the rapid decrease of the velocities in the early stages of the fatigue suggests the rapid development of the void defects at the grain boundary.
Here, the consideration whether the initial void at the triple point could grow based on fracture mechanics or not is of importance, i.e., the edge of the void is under the state of small-scale yielding as crack or not. T. Kitamura et al. 26) have pointed out that the void length which is normalized by the grain-boundary one is a measure of that. Under the state of grain-boundary diffusion, the normalized length is required several numbers to transit from a void to a crack which has a singular stress field. Thus, in case of the pure magnesium in this study, the initial void is thought to be too small to treat as a crack source.
To investigate the progress of the void defect in an early stage of the fatigue, we prepared the fatigued specimen which was loaded under the same fatigue condition and then the cross section was observed using the OM and SEM. Here, the number of cycles was 1:5 Â 10 4 when the velocity of SV wave decreased by approximately 0.7% corresponding to the N=N f of 0.02 in the Fig. 3(b) . However, we cannot detect the distinctive defect as seen in Fig. 7(b) . The void is considered to be small to detect by the apparatuses. Since it has been reported that the ultrasonic wave of which frequency band is MHz cannot propagate through the air gap of which width is above several dozen of nm, 27) slight defects at grain boundaries could be a factor of the decrease in the velocity. Hence, the grain boundary is required further investigation using TEM. Next, we consider the variations in the moduli throughout the fatigue. The difference of decrement pace in the velocities comes from the structural sensibility of the waves to the void defects. S. Kishimoto et al. 28) have reported that the grainboundary void defects affect the ultrasonic propagation velocity strongly, and the degree of the effect differs widely in the wave type, propagation direction and deflected surface. i.e., mechanical anisotropy of the material depended on the void configuration. According to the report, the SV wave of which deflected surface is parallel to the loading direction is expected to be affected more potent than the longitudinal wave. Indeed, the velocity of the SV wave in this study decreased larger than the longitudinal one ( Fig. 3(a) and (b) ).
Thus, the moduli calculated from the velocities were also dominated by the amount of the defects, and shows mechanical sensibility to the fatigue degradation. In particular, the bulk modulus, which is a measure of the amount of volumedeformation energy, i.e., hardness, did show the complex trend (Fig. 3(f) ). Taking the developing behavior of the void defects into consideration (Fig. 3(a) and (b) ), in the early stages of the fatigue when N=N f < 0:15, the rapid development of the defects could reduce the hardness. For N=N f > 0:15, the pile up of lattice defects such as dislocation with the fatigue progress could be dominant rather than the gentle development of the void defects, resulting in the increment of the hardness as the measured. For this reason, the bulk modulus shows the characteristic variation pattern, i.e., it indicates the softening and the hardening during the fatigue, which comes from the balance of power between the effects.
Next, we consider the internal frictions, shown in Fig. 3 (g) and (h). The longitudinal internal friction is related to interatomic readjustment associated with atomic rotation or sliding underlying relaxation process and a variation in the potential energy between a pair of atoms, while the shear one is derived from an accumulation of strain during amorphous/ crystallization, phase transition, lattice instability and alterations of the twin structure, accompanied by soft phonon mode. 29, 30) Assumed from physical meaning of internal frictions, previous studies 10, 22) have shown that the increase in the internal friction obtained by the SV method during fatigue process was associated with an increase in the number of defects, such as dislocations and twinning defects. By analogy, hence, we deduce that the increase in the number of lattice defects can explain the increase in both the internal frictions shown in Fig. 3 . Furthermore, the fairly increment of the longitudinal one could come from the development of the void defects, based on the interatomic movement.
These results demonstrate that the reflection methods are useful for the nondestructive inspection when used to monitor the velocities (resulting moduli) and/or the internal frictions.
Transmission method
Next, we consider the behavior of the transmission method parameters, shown in Fig. 4 . In the previous papers, 9, 10) we have reported the acoustoelastic theory of the SH wave that the energy-flow of the waves in the fatigued specimen which is subjected to the tensile stress intends to propagate shallower, resulting in the decreases of the propagation time and damping ratio, and the increase of the amplitude. This is contrast to the results obtained for the compressive-stress field. According to the effect, the SH parameters in Fig. 4 indicates the residual stress is accumulated to the tensile side while N=N f < 0:2, and then shifts to the compressive side to fatigue failure (N=N f > 0:2).
A comparison of the SH data with the residual stress behavior (Fig. 9) revealed that the residual stress field affects the propagation path, because the acoustoelasticity could be detected in synchronization with the SH data. It is clear that the SH energy flow shifted closer to the surface in the fatigue region of N=N f < 0:2, and subsequently shifted deeper into the material when 0:2 < N=N f < 0:5. In particular, the repeated variations of the SH data in the early stages of the fatigue suggested the corresponding fluctuation in the residual stress. This behavior is thought to come from the sudden stress-relieves corresponding to the vigorous activation at grain boundary. When N=N f > 0:5, although the residual stress became tensile, the propagation path shifted from the surface of the specimen. This could be come from the development of microscopic defects in the path accompanied by localized decrease in the velocity.
Mitsunaga et al. 31) have reported that the reason that the residual stress behavior switched from tensile to compressive, and then to tensile again during fatigue comes from stress redistribution from local yielding, resulting in surface expansion by intrusion and extrusion and the growth of micro-cracks. Their report enforces a similar mechanism of the redistribution for the residual stress works in the fatigue progress of this study.
As described above, the transmission method revealed complex behavior that was significantly affected by the variation of the residual stress field. The wave sensitivity to the grain-boundary defects is different from that seen in the reflection methods: the variation in the SHs velocity was low impact on the acoustoelasticity. Actually, the little influence of the velocity, which depends on the geometrical relation- ships between the void configuration and the wave mode, is coincident with the previous report. 28) Further detailed investigation is required on this point.
Conclusions
The acoustic characteristics of cyclic-tension-fatigued pure magnesium were evaluated using longitudinal wave and SV reflection methods, and SH diffraction methods. In the reflection methods, the acoustic velocities decreased largely, due to the formation of voids and the resulting separating defects at grain boundaries (suggesting Coble creep). Corresponding to the development of the defects during the fatigue, the Young's and shear moduli decreased, and the Poisson's ratio increased adversely. On the other hand, the bulk modulus shows characteristic variation, reflecting microstructure relationship between the development of the void defects and the pile up of the lattice defects. The increments of the internal frictions explain pile up of lattice defects. The SH wave parameters were sensitive to change in the residual stress due to acoustolesticity which dominated the propagation path, and show nonmonotonic behavior.
